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X-ray photoelectron spectroscopy of graphene is important both for its characterization and as
a model for other carbon materials. Despite great recent interest, the intrinsic photoemission of
its single layer has not been unambiguously measured, nor is the layer-dependence in free-standing
multilayers accurately determined. We combine scanning transmission electron microscopy and
Raman spectroscopy with synchrotron-based scanning photoelectron microscopy to characterize the
same areas of suspended graphene samples down to the atomic level. This allows us to assign spectral
signals to regions of precisely known layer number and purity. The core level binding energy of the
monolayer is measured at 284.70 eV, thus 0.28 eV higher than that of graphite, with intermediate
values found for few layers. This trend is reproduced by density functional theory with or without
explicit van der Waals interactions, indicating that intralayer charge rearrangement dominates, but
in our model of static screening the magnitudes of the shifts are underestimated by half.
In addition to providing an elemental fingerprint, the
kinetic energies of electrons ejected from the core levels
of atoms carry information on their local bonding and di-
electric environment due to the screening of the core hole
during the photoemission process. X-ray photoelectron
spectroscopy (XPS) can thus be used to study the sur-
face composition of materials, and is a powerful probe of
the chemical and electronic structure of low-dimensional
carbon nanomaterials [1], including nanotubes [2] and
graphene [3, 4]. Besides its superb properties and poten-
tial technological relevance, graphene is an useful model
system for the physics of photoemission.
Since core electrons are localized and do not partici-
pate in chemical bonding, narrow linewidths of core level
signals can be expected. However, in graphene the C 1s
levels do show some dispersion [4], and more impor-
tantly, their photoemission signal has significant asym-
metry towards higher binding energies due to excitation
of low-energy electron-hole pairs screening the core hole
in metallic systems [5]. The C 1s core level binding en-
ergy (BE) of graphite is known to be 284.42 eV [6–8]
(photoelectron signal with a 160–180 meV lifetime broad-
ening and an asymmetry of 0.05–0.065 [6, 7]). A sec-
ond occasionally measured component shifted to higher
BEs by 120–194 meV has been attributed to the surface
layer [8, 9], but this has been disputed [4, 7].
On metallic substrates where graphene is typically
grown, large Dirac point variations [10] lead to monolayer
BEs ranging from 283.97 eV on Pt(111) [11] to 284.7 eV
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on Ni(111) [12], and for epitaxial graphene on SiC, the
monolayer value was found to be ∼0.4 eV upshifted from
that of a four-layer area [3]. It is thus clear that the en-
vironment significantly affects the BE. A measurement
of its intrinsic value for suspended monolayer graphene,
only possible with spatially resolved XPS, has to date
not been performed, hampering metrology and efforts to
further increase the precision of modeling [13].
We combine synchrotron-based scanning photoelec-
tron microscopy (SPEM) with atomic resolution scanning
transmission electron microscopy (STEM) and Raman
spectroscopy to comprehensively characterize suspended
graphene areas, and to measure their high-resolution
XPS spectra. We find the intrinsic BE of the mono-
layer to be 284.70±0.05 eV, with bilayer and four-layer
found respectively at 284.54 and 284.47 eV. Regardless
of whether van der Waals interactions are explicitly in-
cluded, density functional theory correctly predicts this
trend, but underestimates the magnitude of the shifts.
Our first graphene sample was synthesized by chemical
vapor deposition (Quantifoil R© R 2/4, Graphenea), and
the second one by mechanical exfoliation, both trans-
ferred onto gold support grids with perforated carbon
membranes. The first sample contains a good coverage
of mostly monolayer (1L) graphene, with occasional grain
boundaries and small multilayer grains, while the second
one has regions of variable layer thickness. To clean the
samples from residual contamination, we used vacuum
laser annealing, capable of producing samples with atom-
ically clean areas spanning several hundreds of nm2 [14].
The samples were further annealed in vacuum at 500 ◦C
prior to the spectromicroscopy experiment to reduce any
contamination absorbed during the ambient transfer.
ar
X
iv
:1
80
7.
11
87
0v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 31
 Ju
l 2
01
8
2The BEs were measured using X-ray SPEM at
the Escamicroscopy beamline of the ELETTRA syn-
chrotron [15]. The suspended graphene areas were first
located by imaging, and spectra then collected from
130 nm spots given by the demagnifying action of a Fres-
nel zone plate on the X-ray beam produced by the syn-
chrotron storage ring. The photon energy was 401.03 eV
(Au 4f reference), with an energy resolution of 180 meV.
To characterize the morphology of the measured areas
down to the atomic level, we observed them in a Nion
UltraSTEM100 electron microscope operated at 60 keV
in near-ultrahigh vacuum (beam convergence semiangle
30 mrad and medium angle annular dark field [MAADF]
detector angular range 60–200 mrad). Brighter contrast
in the images corresponds to greater scattering and thus
greater sample thickness. The sample was baked in vac-
uum at 130 ◦C for 16 h before insertion into the micro-
scope through the ambient.
We also mapped the same areas in air using diffraction-
limited confocal Raman spectroscopy (Witec Alpha300R,
Witec GmbH, Germany). The focused 532 nm laser spot
diameter at 1 mW power was ∼250 nm (-6 dB), and the
sample was laterally translated using an integrated piezo
stage. The scan window was 3×3 µm2 in size, consisting
of 10 000 spectra (100×100) each integrated for 500 ms.
To improve the signal to noise ratio, the data was down-
sampled with a 6×6 pixels sliding window median filter
followed by background subtraction.
Based on the X-ray photoemission contrast and the
center markings of the TEM grid, we were able at the
SPEM instrument to precisely identify the holes in the
carbon support film over which the graphene was sus-
pended, and later find the same areas with both STEM
and Raman. In total we measured over 20 suspended ar-
eas, which mostly show similar spectral and morphologi-
cal characteristics. The data allow us to disentangle three
different influences on the core level signal (Fig. 1): re-
maining contamination (Fig. 2, visible as patchy brighter
contrast), grain boundaries (Fig. 2, sharp bright single
lines, perpendicular to lines of contamination possibly
present due to wrinkling and strain), and multilayer re-
gions (Figs. 3 and 4, uniformly brighter areas).
Figure 2 shows cleaner and dirtier monolayer regions,
and a boundary between two misaligned grains. This al-
lows us to address the influence of contamination or de-
fects (Fig. 1). We find neither to greatly affect the C 1s
position, only causing slight broadening without appar-
ent increase in the asymmetry of the peak. The broad-
ening may be explained by a convolution of the graphene
spectrum with that of the residual overlying carbona-
ceous contaminants [14], with possible small contribu-
tions from non-sp2 carbon within the graphene lattice
itself.
The area where we measured the sharpest monolayer
C 1s response also included a thicker region, shown in
Fig. 3. A Raman spectrum map suggests this to be 4-6
layers (2D/G areal intensity ratio is ∼1.9 for the mul-
tilayer and ∼5.8 for the 1L). Interestingly, our narrow
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FIG. 1. C 1s XPS spectra collected from 130 nm diameter
spots characterized by STEM and Raman, with the lines col-
ored according to the color of each spot marked on the STEM
images: dirty monolayer (1L) and 1L with a grain boundary
(GB) in Fig. 2, clean 1L and multilayer in Fig. 3), and two-
layer (2L) and four-layer (4L) graphene in Fig. 4. The in-
set gives a deconvolution of the 1L spectrum, which contains
small residual contributions from non-graphitic carbon.
(23.1 cm−1 full width at half maximum [FWHM]) 1L
2D peak at 2689 cm−1 is shifted by 15-20 cm−1 with re-
spect to typical suspended graphene [16], and has a slight
asymmetry towards the higher shift side. The core level
binding energy of the monolayer is found at 284.70 eV
(with a FWHM of 0.44 eV including a Gaussian width
of 0.3 eV to describe thermal broadening and our energy
resolution, and a Doniach-Sˇunjic´ asymmetry parameter
of 0.095), while for the multilayer, it is very close to that
of graphite at 284.46 eV (Fig. 1).
These findings suggest that residual contamination or
the small D band in the monolayer Raman spectrum in
Fig. 3 (unsurprising considering the long Raman scatter-
ing activation length [17]), cannot be responsible for the
observed large shift in the BE of the monolayer. The
presence of the multilayer region and its observed BE
serves as an additional reference for energy calibration,
giving us full confidence in the observed monolayer value.
In addition, we characterized an exfoliated sample
including a spot with stepwise varying layer number
(Fig. 4). We imaged the same area with STEM be-
fore and after the SPEM measurements, finding that vac-
uum annealing preceding spectromicroscopy was able to
nearly completely clean even multilayer areas. Raman
spectroscopy (2D/G areal intensity ratio of ∼2.5) and
STEM imaging show the thinnest region to be a bilayer,
although sample distortion caused by the heat treatments
has induced non-planarity that prevented us from obtain-
ing better than lattice resolution. Nonetheless, compar-
ison of the contrast in the thinnest region to an image
simulation along with the stepwise increase in MAADF
intensity indicate the presence of 2, 4 and 6 layers. The
SPEM map over the same region thus allows us to obtain
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FIG. 2. Morphology and spectrum maps of monolayer graphene as probed by correlated scanning transmission electron
microscopy (STEM, 60 keV, MAADF detector), scanning photoelectron microscopy (SPEM, 401.03 eV photon energy, 128x128
pixels of 0.02 µm2, cropped images integrated over the C 1s response), and electron diffraction (ED, 5 kV). The colored circles
approximate the size of the X-ray spot (and correspond to the spectra in Fig. 1) and the scale bar applies to both STEM and
SPEM images, which display the same sample area.
STEM
Raman
2D / G 2D FWHM
1300 1400 1500 1600 2700 2800
C
ou
nt
s
monolayer
multilayer
Raman shift (cm-1)
D G
2D
SPEM
Multi Mono500 nm
500 nm
1 µm
5.6 | 82 cm-1 
0.2 | 29 
        cm-1 
FIG. 3. Monolayer graphene with an overlying multilayer grain measured using STEM, SPEM (colored according to the ratio of
signal in energy windows corresponding to mono- [284.57, 284.98] eV and multilayer [283.94, 284.49] eV graphene) and Raman
spectroscopy (532 nm excitation, maps of the 2D / G band intensity ratio and the 2D full width at half maximum, FWHM).
The colored circles approximate the size of the X-ray spot (and correspond to spectra in Fig. 1). The STEM and SPEM images
show the same sample area.
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FIG. 4. Characterization of few-layer graphene. a) MAADF/STEM images (with ImageJ lookup table ’Fire’) acquired before
and after SPEM. The oval shape of the support foil hole indicates distortion due to heat treatments and/or handling. The red
open square corresponds to the closeup in panel c, the green line to the line profile in panel e, and the blue, orange and red
circles to the approximate spots of the XPS (2L and 4L plotted in Fig. 1) and Raman spectra (panel f). b) SPEM map acquired
over the same area (higher BE signal of the thinner region tends towards white). c) Large area of atomically clean lattice.
d) Lattice-resolution closeup of the bilayer region. The overlaid quantitative image simulation of AB-stacked bilayer graphene
tilted with respect to the electron beam by 5 and 9 degrees in x and y perfectly matches the lineal contrast. e) Raman 2D/G
ratio (left axis; diffraction-limited 532 nm excitation), and the MAADF intensity line profile (right axis) showing a stepwise
increase of the (vacuum background subtracted) scattering intensity, alongside a continuous decrease in the 2D/G ratio. f)
Raman spectrum measured from the blue spot in panel a is consistent with bilayer graphene, with nearly no D band visible in
the spectra.
additional XPS spectra for few-layer graphene (Fig. 1).
We find that the C 1s binding energy varies nearly lin-
early with layer number, similar to what has been found
for epitaxial graphene [3]. Since our samples are sus-
pended, however, we can be confident that these shifts
are due to intrinsic differences in the screening of the
core hole, and not affected by a substrate. Via concur-
rently measured valence band photoemission, we found
no shift of the Dirac point within our energy resolution
(sufficient to distinguish shifts on the order of 100 meV,
as observed for the C 1s). Suspended multilayers are also
possible to unambiguously model, allowing us to turn to
density functional theory simulations.
To understand the physical origin of this shift, we cal-
culated the C 1s BEs of monolayer and slabs of AB-
stacked bi-, tri- and four-layer graphene using total en-
ergy differences implemented via core projectors [13, 18]
in the Gpaw package [19]. This level of theory is able to
approximate the static screening of the core hole by the
conduction electrons (potentially also from neighboring
layers). In each case, we used large 5×9 supercells of the
orthorhombic 4-atom unit cell to minimize spurious inter-
action between the periodic images of the core hole [13].
We tested several exchange-correlation functionals: in
addition to the local density approximation (LDA) [20]
and the Perdew-Burke-Ernzerhof (PBE) [21] generalized
gradient approximation, two functionals based on non-
local van der Waals correlations (vdW-DF family, with
the spin generalization based on [? ]) from the libvdwxc
library [22], vdW-DF2 [24] and C09-vdW [25].
To obtain the geometries, we first relaxed [26] or-
thorhombic four-atom unit cells of single- and few-layer
graphene with a plane-wave basis (600 eV cutoff energy,
12 A˚ of perpendicular vacuum, 9×15×1 Monkhorst-Pack
k-points, maximum force <0.0002 eV/A˚). We then calcu-
lated the total energy difference EB between each ground
and first core-excited states (finite-difference grid spac-
ing 0.19 A˚, 3×3×1 k-points) in a square 5×9 supercell
with 180 C atoms per layer (up to 720 for the four-layer
cell). These cell sizes and k-point meshes yielded BEs
5TABLE I. Calculated core level binding energies EB for mono-
layer (1L), bilayer (2L), trilayer (3L) and four-layer (4L)
graphene and their average downshift ∆EB = E
1L
B −(EnL,AB +
EnL,BB )/2 (where A and B denote values for the two graphite
sublattices, which vary by <20 meV) for the various den-
sity functionals (vdW label omitted from DF2 and C09 for
brevity), along with the relaxed 2L layer spacing d.
Functional LDA PBE DF2 C09 Exp.
d (A˚) 3.371 3.758 3.568 3.314 3.27a, 3.46b
E1LB (eV) 280.636 283.662 286.577 283.162 284.70
∆E2LB (meV) -38 -51 -48 -28 -160
∆E3LB (meV) -83 -64 -80 -65 –
∆E4LB (meV) -118 -92 -103 -124 -230
a Ref. 28, ±0.18 A˚.
b Ref. 29, ±0.13 A˚.
converged within a few tens of meV, and within a few
meV for their differences.
The calculated BEs for each layer number are listed
in Table I. We find that, apart from expected differences
in absolute values [13], all functionals predict the correct
trend, with a downshift from monolayer to four layers of
around 100 meV. The magnitude of this shift is less than
half of our experimental value, regardless of whether van
der Waals interactions were explicitly included, and re-
gardless of the relaxed layer spacing. This indicates that
the screening effect of adjacent layers is well described by
charge rearrangements within each layer. However, the
static screening included in our model only accounts for
part of the full screening effect, suggesting that higher
levels of theory will be required for further accuracy.
To conclude, by correlating electron microscopy with
Raman spectroscopy and synchrotron-based scanning
photoelectron microscopy, we have for the first time mea-
sured the core level photoemission response of compre-
hensively characterized suspended mono- and few-layer
graphene areas. We find that contamination or grain
boundaries slightly broaden the signal, whereas the core
level binding energy of the monolayer is upshifted by
280 meV from the value in graphite, with intermediate
values found for two- and four-layer graphene.
While the observed shifts are in good agreement with
those measured for few-layer epitaxial graphene [3], any
small Dirac point variations in suspended monolayers due
to charge transfer doping [27] cannot here explain the
magnitude of the shift. Further improvements in mod-
eling are required to precisely reproduce the photoelec-
tron signal, although our close agreement between all our
functionals indicates that van der Waals interactions be-
tween adjacent layers do not play a significant role.
ACKNOWLEDGMENTS
T.S. acknowledges the Austrian Science Fund (FWF)
for funding via project P 28322-N36, the European
Research Council (ERC) Grant No. 756277-ATMEN,
and the Vienna Scientific Cluster for computational re-
sources. M.S. is a FNRS Postdoctoral researcher. A.H.L.
acknowledges funding from the European Union’s Hori-
zon 2020 research and innovation program under grant
agreement no. 676580 with The Novel Materials Discov-
ery (NOMAD) Laboratory, a European Center of Ex-
cellence; the European Research Council (ERC-2010-
AdG-267374); Spanish grant (FIS2013-46159-C3-1-P);
and Grupos Consolidados (IT578-13). K.M., A.M., C.M.
and J.C.M. acknowledge funding by the ERC Grant
No. 336453-PICOMAT, and J.C.M by the FWF project
P25721-N20. J.K. was supported by the FWF project
I 3181-N36 and the Wiener Wissenschafts-, Forschungs-
und Technologiefonds (WWTF) via project MA14-009.
[1] T. Susi, T. Pichler, and P. Ayala, Beilstein Journal of
Nanotechnology 6, 177 (2015).
[2] P. Ayala, Y. Miyata, K. De Blauwe, H. Shiozawa,
Y. Feng, K. Yanagi, C. Kramberger, S.R.P. Silva, R. Fol-
lath, and H. Kataura, Phys. Rev. B 80, 205427 (2009).
[3] H. Hibino, H. Kageshima, M. Kotsugi, F. Maeda, F.-Z.
Guo, and Y. Watanabe, Phys. Rev. B 79, 125437 (2009).
[4] S. Lizzit, G. Zampieri, L. Petaccia, R. Larciprete, P. La-
covig, E. D. L. Rienks, G. Bihlmayer, A. Baraldi, and
P. Hofmann, Nat. Phys. 6, 345 (2010).
[5] S. Doniach and M. Sunjic, Journal of Physics C 3, 285
(1970).
[6] K. C. Prince, I. Ulrych, M. Peloi, B. Ressel, V. Cha´b,
C. Crotti, and C. Comicioli, Phys. Rev. B 62, 6866
(2000).
[7] S. Lizzit, L. Petaccia, A. Goldoni, R. Larciprete, P. Hof-
mann, and G. Zampieri, Phys. Rev. B 76, 153408 (2007).
[8] T. Balasubramanian, J. N. Andersen, and L. Wallde´n,
Phys. Rev. B 64, 205420 (2001).
[9] M. R. C. Hunt, Phys. Rev. B 78, 153408 (2008).
[10] D. Niesner and T. Fauster, Journal of Physics: Con-
densed Matter 26, 393001 (2014).
[11] A. B. Preobrajenski, M. L. Ng, A. S. Vinogradov, and
N. Ma˚rtensson, Phys. Rev. B 78, 073401 (2008).
[12] A. Grueneis, K. Kummer, and D. V. Vyalikh, New J.
Phys. 11, 073050 (2009).
[13] T. Susi, D. J. Mowbray, M. P. Ljungberg, and P. Ayala,
Phys. Rev. B 91, 081401 (2015).
[14] M. Tripathi, A. Mittelberger, K. Mustonen, C. Mangler,
J. Kotakoski, J. C. Meyer, and T. Susi, physica status
solidi (RRL) – Rapid Research Letters , 1700124 (2017),
1700124.
[15] M. K. Abyaneh, L. Gregoratti, M. Amati, M. Dalmiglio,
and M. Kiskinova, e-Journal of Surface Science and Nan-
otechnology 9, 158 (2011).
[16] S. Berciaud, S. Ryu, L. E. Brus, and T. F. Heinz, Nano
Letters 9, 346 (2009).
[17] M. Lucchese, F. Stavale, E. Ferreira, C. Vilani,
6M. Moutinho, R. Capaz, C. Achete, and A. Jorio, Car-
bon 48, 1592 (2010).
[18] M. P. Ljungberg, J. J. Mortensen, and L. G. M. Pet-
tersson, J. Electron Spectros. Related Phenom. 184, 427
(2011).
[19] J. Enkovaara, C. Rostgaard, J. J. Mortensen, J. Chen,
M. Dulak, L. Ferrighi, J. Gavnholt, C. Glinsvad,
V. Haikola, H. A. Hansen, H. H. Kristoffersen,
M. Kuisma, A. H. Larsen, L. Lehtovaara, M. Ljung-
berg, O. Lopez-Acevedo, P. G. Moses, J. Ojanen,
T. Olsen, V. Petzold, N. A. Romero, J. Stausholm-
Møller, M. Strange, G. A. Tritsaris, M. Vanin, M. Walter,
B. Hammer, H. Ha¨kkinen, G. K. H. Madsen, R. M. Niem-
inen, J. K. Nørskov, M. Puska, T. T. Rantala, J. Schiøtz,
K. S. Thygesen, and K. W. Jacobsen, J. Phys. Condens.
Matter 22, 253202 (2010).
[20] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244
(1992).
[21] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[22] A. H. Larsen, M. Kuisma, J. Lo¨fgren, Y. Pouillon, P. Er-
hart, and P. Hyldgaard, Modelling and Simulation in
Materials Science and Engineering 25, 065004 (2017).
[23] K. Berland and P. Hyldgaard, Phys. Rev. B 89, 035412
(2014).
[24] K. Lee, E. D. Murray, L. Kong, B. I. Lundqvist, and
D. C. Langreth, Phys. Rev. B 82, 081101 (2010).
[25] V. R. Cooper, Phys. Rev. B 81, 161104 (2010).
[26] A. H. Larsen, J. J. Mortensen, J. Blomqvist, I. E.
Castelli, R. Christensen, M. Du lak, J. Friis, M. N.
Groves, B. Hammer, C. Hargus, E. D. Hermes, P. C.
Jennings, P. B. Jensen, J. Kermode, J. R. Kitchin, E. L.
Kolsbjerg, J. Kubal, K. Kaasbjerg, S. Lysgaard, J. B.
Maronsson, T. Maxson, T. Olsen, L. Pastewka, A. Pe-
terson, C. Rostgaard, J. Schiøtz, O. Schu¨tt, M. Strange,
K. S. Thygesen, T. Vegge, L. Vilhelmsen, M. Walter,
Z. Zeng, and K. W. Jacobsen, Journal of Physics: Con-
densed Matter 29, 273002 (2017).
[27] K. R. Knox, A. Locatelli, M. B. Yilmaz, D. Cvetko, T. O.
Mentes¸, M. A. Nin˜o, P. Kim, A. Morgante, and R. M.
Osgood, Phys. Rev. B 84, 115401 (2011).
[28] L. Brown, R. Hovden, P. Huang, M. Wojcik, D. A.
Muller, and J. Park, Nano Lett. 12, 1609-1615 (2012).
[29] G. Nicotra, Q. M. Ramasse, I. Deretzis, A. La Magna,
C. Spinella, and F. Giannazzo, ACS Nano 7, 3045-3052
(2013).
